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ABSTRACT: Surface enhanced Raman spectroscopy (SERS) is an
ultrasensitive label-free analytical technique that can provide unique
chemical and structural fingerprint information. However, gaining
reliable quantitative analysis with SERS remains a huge challenge
because of poor reproducibility and the instability of nanostructured
SERS active surfaces. Herein, an effective strategy of coating Au
nanoparticles (NPs) with ultrathin and uniform Prussian blue (PB) shell
(Au@PB NPs) was developed for quantitative detection of dopamine
(DA) concentrations in blood serum and crystal violet (CV)
contaminants in lake water. The only intense PB Raman signal at
2155 cm−1 served as an ideal and interference-free internal standard (IS)
for correcting fluctuations in the Raman intensities of analytes. Also, the
stability of Au@PB NPs was investigated, exhibiting good functionality in
strong acid solutions and thermal stability at 100 °C. This work
demonstrates a convenient and fast quantitative SERS technique for detecting analyte concentrations in complex systems and
has a great number of potential applications for use in analytical chemistry.
Surface enhanced Raman spectroscopy (SERS) providesmolecular fingerprint information down to the single-
molecule level with exceptionally high specificity. Furthermore,
SERS inherits the high spectral resolution, short response time,
low sample pretreatment requirements, and measurement
conveniency under ambient/aqueous conditions of Raman
spectroscopy. Thus, these merits provide many opportunities
for its application in various disciplines, such as analytical
chemistry,1,2 physical chemistry,3,4 materials,5,6 energy sys-
tems,7 and biomedical science.8,9 In recent years, SERS has
become an attractive ultrasensitive quantitative analysis
technique that commonly includes solid substrate-based or
nanoparticle (NP) sol-based analysis techniques10 being widely
used to detect proteins,11,12 nucleic acids,13,14 and small
molecules and in biomedicine.15−17 However, quantitative
SERS analysis is plagued by poor measurement reproducibility
caused by the uneven distribution of, enhancement generating,
plasmonic hot spots on SERS active substrates. Additionally,
Raman signals are easily affected by environmental test
conditions.
Thus, various attempts have been made to improve the
accuracy and reliability of quantitative SERS analysis
techniques. Ratiometric SERS assays and internal standards
(ISs) have been employed to normalize volatility in SERS
signals caused by variations in the physical properties of SERS
substrates. Ratiometric SERS quantitative analysis requires the
target analyte to react with a SERS probe molecule
immobilized on the surface of enhancement active substrates.
From this, accurate quantitative results of the analyte can be
acquired by deformation of spectral bands, provided there are
no competing adsorption processes, but it is uncommon and
impractical to have an appropriate SERS probe for every
analyte of interest; therefore, ratiometric SERS is limited in the
scope of its applications.18,19 Introducing an IS can solve the
above problem, and many research groups have reported
meaningful results.20−25 For instance, the Yang group26 utilized
4-mercaptopyridine as an IS to correct signal fluctuations and
improve substrate stability for the quantitative detection of
various drugs. However, such IS molecules are immobilized on
the surface of enhancement active substrates by coordinate or
electrostatic interactions and thus suffer from competitive
adsorption and microenvironmental effects.
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Recently, core-molecular-shell (CMS) NPs with integrated
IS molecular shells have attracted interest as ideal IS materials
for quantitative SERS assays,27−31 exhibiting desirable proper-
ties such as 1) enhancement of both substrate and IS signals,
2) no competition between the IS and analytes at adsorption
sites, and 3) no IS shell influences on the spatial distribution or
the Raman signals of analytes in the external environment.
However, CMS nanostructures are complicated as IS
molecules and need to be assembled on the surface of the
metal NP cores; moreover, controlling and modifying IS
molecules are not a facile process. The Tan group32 actualized
an accurate quantitative SERS analysis technique using stable
graphene-isolated-Au-nanocrystals, where the graphene shell
was the IS. However, the characteristic D and G bands from
graphene introduced background signals which could overlap
with analyte signals; similarly, the synthesis process was
complicated and time-consuming. Table S1 summarized a
comparison of these materials used for quantitation.
Based on the above, developing efficient and novel materials
coating methods remains an urgent requirement for developing
quantitative SERS techniques to better analyze important
systems. Prussian blue (PB) is a blue dye, containing Fe(II)
and Fe(III) ions and the cyanide (−CN−) group, with
excellent magnetic, electrical, and optical properties, that has
been widely used in energy storage,33 catalysis,34 and
biomedicine.35 PB is a highly sensitive and background free
resonant Raman tag that displays a sharp and strong single
peak in the traditionally Raman-silent region of the spectrum.
PB-based surface enhanced Raman resonant spectroscopic
(SERRS) tags have also been used as highly sensitive
immunoassays and in cancer cell imaging.36 However, there
have been no reports employing PB as an IS to improve the
accuracy of quantitative SERS analysis.
Herein, we successfully applied ultrathin layer(s) of PB,
which acted as a coating/shell, on Au NPs to form Au@PB
NPs. These novel core−shell NPs showed a strong character-
istic PB Raman vibrational band at 2155 cm−1. Unlike many
other IS probes, this PB spectral band is in the Raman silent
region, thus significantly reducing the chance of signal overlap
and interference with analyte signals and is suitable for use as
an IS for SERS quantitative analysis of complex systems.
Additionally, because of their stable and robust signals, Au@
PB NPs are not subject to photobleaching or photoquenching
effects. Based on this core−shell NP structure, we
quantitatively detected crystal violet (CV) and dopamine
(DA) analyte concentrations in lake water and blood serum,
respectively, evidencing a facile, convenient, label-free, cost-
effective, stable, and rapid SERS platform for quantitative
analysis of complex systems with “real-world” applications.
■ EXPERIMENTAL SECTION
Materials and Apparatus. Chloroauric acid hydrate
(HAuCl4·4H2O), CV, sodium citrate, ascorbic acid, iron(III)
ch lor ide hexahydra te (FeCl3 ·6H2O) , po tas s ium
hexacyanoferrate(III) (K3[Fe(CN)6]) , potass ium
hexacyanoferrate(II) trihydrate (K4[Fe(CN)6]·3H2O), nitric
acid, ethanol, hydrogen peroxide, N,N′-dimethylformamide
(DMF), hydrochloric acid, n-hexane, and sulfuric acid were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai , China) . Tetrabutylammonium nitrate
(TBA+NO3
−), DA, 2,6-pyridinedicarboxylic acid, and rhod-
amine 6G (R6G) were obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.). All experimental glassware was washed
with aqua regia before use. Ultrapure Milli-Q water (18.2 MΩ·
cm) was used to make up all experimental solutions. Blood
serum samples were acquired with permission from Hangzhou
Medical College Hospital.
Apparatus and Characterization. A Hitachi S-4800
scanning electron microscope (SEM) was applied to observe
the morphology of the Au@PB NPs, and a JEM-2100
transmission electron microscope (TEM) was used to check
the PB shell. High resolution scanning transmission electron
microscopy (HR-TEM) and scanning transmission electron
microscopy-energy dispersive X-ray spectrometry (STEM-
EDS) elemental mapping analysis on a Tecnai F30 (FEI,
U.S.A.) were applied to further observe Au@PB NPs. Raman
spectra were recorded by an Xplora Raman spectrometer
(Xplora, France), with a 633 nm laser (power density, 100%),
an exposure time of 1, 10, and 30 s, a grating of 1200/mm, and
a 50× objective lens (NA 0.55). UV−visible absorption
spectroscopy was performed on a UV-2700 UV−vis
spectrophotometer (Shimadzu, Japan). Solution injection
rates were controlled by a laboratory microinjection pump
(LSP01-1A, China).
Preparation of Au NPs. Fifty nanometer spherical Au NPs
were prepared by a two-step growth method similar to our
previously described method.37 First, 16 nm spherical Au NP
seeds were synthesized by the classical reduction scheme after
minor modification.38,39 A total of 100 mL of HAuCl4 aqueous
solution (wt 0.01%) was poured into a 200 mL round-bottom
flask and then heated to boiling under stirring. Subsequently,
3.0 mL of sodium citrate solution (wt 1.0%) was added to the
above boiling solution. The second step was to prepare 50 nm
Au NPs; 24 mL of 16 nm of Au seed solution and 160 mL of
Milli-Q water were added to a 200 mL round-bottom flask, and
then 4.8 mL of ascorbic acid (wt 1.0%) and 1.6 mL of sodium
citrate solution (wt 1.0%) were added to the above solution
and continuously stirred in an ice bath. After that, 8.8 mL of
HAuCl4 solution (wt 0.825%) was added dropwise to the
solution at a rate of 0.4 mL/min by the step motor at room
temperature and then heated at 70 °C for 20 min.
Synthesis of Au@PB NPs. Au@PB NPs with various shell
thicknesses were prepared by double-precursor synthesis with
slight modifications.36 An aqueous solution of K3[Fe (CN)6]
(0.5 mmol/L) was added to the 50 nm Au NPs solution and
stirred for 5 min; after that, the surfaces of Au NPs were etched
by CN−. Subsequently, suitable volumes of K4[Fe (CN)6] and
FeCl3·6H2O of the same concentration (0.1 mmol/L) were
simultaneously added dropwise to the above solution at a rate
of 0.1 mL/min by the step motor at room temperature. The
Au@PB NPs were washed three times with Milli-Q water and
centrifuged (6500 rpm, 10 min). Then, the Au@PB NPs were
redispersed in ultrapure water and concentrated 10 times.
Structural Stability of Au@PB NPs. For stability
experiments, the effects of pH and temperature were
investigated. A volume of 20 μL of Au@PB NPs was mixed
with 180 μL of disodium hydrogen phosphate-citrate buffer
solution at different pH values (2.2, 3.2, 4.2, 5.2, 6.2, 7.5, and
8.0). After 120 min, the above solution was transferred to a
quartz cuvette for Raman analysis, and the morphology of NP
was observed by TEM. Twenty microliter volumes of Au@PB
NPs solutions were placed in an oven at different temperatures
(50 °C, 100 °C, 130 °C) for 1 h, respectively, and then Milli-Q
water was added to make up the volumes to 200 μL before
being used for Raman analysis. Copper grids with appropriate
amounts of Au@PB NPs applied were also put in the above
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oven at the same temperatures and heated for 1 h, for
morphological characterization by TEM.
SERS Detection Performance Optimization. The
experimental conditions, including the amount of Au@PB
NPs and the incubation time of Au@PB NPs with analytes,
were examined and optimized using CV as the target analyte.
Twenty microliters of the same concentration of CV was mixed
with different amounts of Au@PB NPs (5.0 μL, 10 μL, 20 μL,
and 30 μL); after 30 min, the above solution was transferred to
a quartz cuvette for Raman analysis. For time measurements,
20 μL of the Au@PB NP solution was mixed with 160 μL of
water and transferred to a quartz cell, then 20 μL of CV was
added to the above solution, and Raman was started
immediately and then recorded every 5 min. Except for an
exposure time of 1 s, other conditions of Raman analysis were
the same as above.
SERS Activity of the Au@PB NPs. Raman spectra of three
analytes (CV, DA, and R6G) were collected, respectively, in
both the presence and absence of Au@PB NPs. Raman spectra
were collected of low (2.0 nmol/L) and high (0.5 mmol/L)
concentration CV solutions with and without Au@PB NPs,
respectively. Furthermore, Raman spectra of low concentration
(500 nmol/L) and high concentration (1.0 mmol/L and 1.0
mol/L) DA solutions with and without Au@PB NPs were also
collected. Finally, Raman spectra of low (1.0 nmol/L) and high
concentration (0.2 mmol/L) R6G with and without Au@PB
NPs were also measured. For DA solutions, except for an
exposure time of 30 s, all other conditions for the Raman tests
were the same as CV.
SERS Measurement in Dispersions. For SERS measure-
ments in ultrapure Milli-Q water, 20 μL of various
concentrations of analyte was mixed with 20 μL of Au@PB
NPs in 160 μL of water for 15 min. Subsequently, the obtained
solution was transferred to a quartz cell. The cell was then
placed on the Xplora Raman spectrometer for Raman spectral
acquisitions. Every measurement was the average value of 2
scans, and experiments for each sample at each concentration
were repeated 3 times. For all the measurements, the laser
intensity of the sample was 15 mW with a 633 nm laser. The
exposure time for each scan was 10 s. For SERS measurement
of blood serum and lake water, 20 μL of lake water or blood
serum containing various concentrations of analytes was mixed
with 20 μL of Au@PB NPs and 160 μL of Milli-Q water for 15
min; the subsequent experimental procedure was the same as
outlined above.
■ RESULTS AND DISCUSSION
SERS Quantification Scheme, Morphology, and
Spectral Properties of Au@PB NPs. Figure 1A shows
schematically the synthesis procedure of Au@PB NPs
substrates with analytes for quantitative SERS analysis. First,
50 nm diameter Au NP cores were prepared by a two-step
method, described above. Subsequently, Au NP surfaces were
etched with K3[Fe (CN)6] for 5 min enabling PB shell
assembly on Au NP surfaces after 10 min to form the Au@PB
NPs. Analytes were then adsorbed onto the surfaces of Au@PB
NPs via electrostatic forces, enabling their direct SERS
detection in a cuvette similar to simple UV−vis spectroscopic
measurements.
Au@PB core−shell NPs with various PB shell thicknesses
were prepared by adjusting the concentration of aqueous
K4[Fe (CN)6] and FeCl3·6H2O, as well as addition rates. TEM
images in Figure 1B show the PB shell thickness could be
adjusted from 2 to 12 nm. Considering that the shell thickness
impacts on the Raman signal intensity of the analyte, a thin PB
shell (2−3 nm) gave optimal enhancement of analyte Raman
signals. As shown in Figure S1, TEM images clearly show
ultrathin PB was deposited on Au NPs, where PB acts as a
protective shell and offers an IS for quantitative SERS analysis.
The Au@PB NPs were further examined by HRTEM and
STEM-EDS elemental mapping analysis. As shown in Figure
1C, the ∼4 nm PB shell is clearly visible from HRTEM, which
also indicates the successful synthesis of the core−shell
structure of Au@PB NPs. From STEM-EDS elemental
mapping images, it can be seen that Fe and K elements from
PB were evenly distributed on the Au surface, indicating that
the Au core is evenly covered with a PB shell. The
morphologies of Au@PB NPs were also observed by SEM in
Figure S2, and it can be seen that the Au@PB NPs could be
prepared with high yields and excellent uniformity.
As shown in Figure 1D, for the Au@PB NPs, there are two
absorption peaks located at 540 and 700 nm for Au NPs and
PB NPs, respectively. For Au@PB NPs, these bands were
combined and further demonstrate successful synthesis of the
core−shell NPs. Moreover, the plasmonic resonance absorb-
ance peak for PB located from 600 to 800 nm is in resonance
with the Raman laser excitation wavelengths of 638 and 785
nm. This resonance effect greatly improves the Raman signal of
PB. According to zeta potential measurements, the Au@PB
Figure 1. (A) Schematic illustrating the synthesis procedure of Au@
PB NPs-based substrates for SERS quantification analysis of analytes
in solution. (B) TEM images of Au@PB core−shell NPs with various
(∼2−12 nm) shell thicknesses. (C) HRTEM images of Au@PB NPs,
with an ∼4 nm PB shell, and EDS elemental mapping of Au core
(blue) independently as well as with Fe (green) and K (yellow) in
merged images. (D) UV−vis absorption spectrum of Au NPs (red),
PB NPs (blue), and Au@PB NPs (black). (E) Raman spectra of Au@
PB NPs with ∼2−3 nm PB shell and quartz cuvette.
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NPs were negatively charged (Figure S3, ζ = −15.3 mV),
which promotes electrostatic adsorption of positively charged
analytes species. As shown in Figure 1E, an intense and sharp
single Raman peak at 2155 cm−1 for the Au@PB NPs is
observed, located in the Raman silent region. This unique
characteristic band of PB makes it an ideal IS for quantitative
SERS analysis studies. In addition, Au@PB NPs can interact
and join with one another (Figures 1B and S1) to form
junctions. These junctions between NPs generate the necessary
plasmonic hot spots in the bulk solution dispersions without
the need for additional agglomerating agents. These results
suggest that Au@PB NPs have the extremely advantageous
property of being useable as enhancing substrates in different
dispersions for quantitative SERS measurements with “real-
world” applications.
Structural Stability of Au@PB NPs. Making stable and
homogeneous SERS substrates that do not interfere with
analyte signals remains a challenge in SERS analysis. Herein,
the structural stability and integrity of Au@PB NPs were
investigated under acidic, basic, and high-temperature
conditions. As shown in Figure 2A, the PB Raman band at
2155 cm−1 was observed from pH values of 2.2 to 9.0, and the
Au@PB NPs exhibited excellent signal stability from pH 3.2 to
7.5. However, the PB Raman band at 2155 cm−1 was not
observed at a pH greater than 8.0. These results were also
examined by TEM in Figure S4; the PB shell is a little soluble
at pH 2.2 and largely dissolved at a pH greater than 8.0. Also,
the influence of temperature on the Raman signal of the PB
shell was investigated. As can be seen from Figure 2B, the
Raman signal of the PB shell at 2155 cm−1 remained stable
from 25 to 100 °C and then disappeared, and a new Raman
band at 2137 cm−1 appeared at 130 °C. It was confirmed by
TEM in Figure S5, that the PB shell was damaged at high
temperatures. Furthermore, compared with ultrapure water
systems, the stability of Au@PB NPs in complex “real-world”
systems, e.g., in lake water and serums (discussed in detail
later), was also investigated. PB Raman signals in these
complex systems remained nearly unchanged, indicating
excellent stability under various conditions (Figure S9 and
Figure S10). Above all, these results show that the Au@PB
NPs remain stable and intact within a general set of reasonable
test conditions, thus offering the possibility of detecting
analytes in various complex and biological systems.
Determining SERS Activity of the Au@PB NPs. To
evaluate the SERS activity of Au@PB NPs, the Raman signals
of three analytes (CV, DA, R6G) were collected in the
presence or absence of Au@PB NPs, respectively. As can be
seen from Figure 3A, multiple characteristic CV Raman bands
are visible at low concentrations with Au@PB NPs present,
and these signals are much greater than those without Au@PB
NPs in solution. Furthermore, no DA Raman signals are
observed without Au@PB NPs, even when higher concen-
trations up to 1.0 mol/L were used (Figure 3B). However, in
the presence of Au@PB NPs, even at low concentrations of
500 nmol/L, multiple characteristic DA Raman bands are
clearly visible. These obvious differences in concentration
sensitivity indicate that the Au@PB NPs in solution generate
abundant SERS-active hot spots, offering strong SERS signals
owing to good analyte adsorption on NPs via electrostatic
interactions. Finally, R6G was selected as a model Raman
analyte to evaluate the enhancement factor (EF) (Figure S6).
The EF at the R6G peak at 1510 cm−1 was calculated to be
0.8044 × 106 for Au@PB NPs based on the equation outlined
in Figure S6.40−42
SERS Signal Detection Optimization. To achieve the
best analytical performance for SERS detection, CV was
selected as a target analyte. The experimental conditions
including the amount of Au@PB NPs and the incubation time
of Au@PB NPs with CV were examined and optimized. As
shown in Figure S7, the SERS intensity of the IS Raman band
(I2155 cm−1) of PB increased gradually with an increase in the
concentration of Au@PB NPs; however, the ratio between the
Raman intensities of the 1617 cm−1 CV band and the 2155
cm−1 IS band (I1617 cm−1/2155 cm−1) reached a maximum when
the volume of Au@PB NPs was 20 μL (Figure 4A). Therefore,
20 μL was the optimum volume of Au@PB NPs used in these
systems. Figure S8 shows the SERS signal of CV in the
Figure 2. Structural stability of Au@PB NPs. (A) The influence of pH
on the Raman signal of the PB shell, where the pH is 2.2, 3.2, 4.2, 5.2,
6.2, 7.5, 8.0, and 9.0. (B) The effect of temperature on the Raman
signal of the PB shell.
Figure 3. (A) SERS spectra of (a) CV (2.0 × 10−6 mmol/L) with
Au@PB NPs and (b) normal CV (0.5 mmol/L) without Au@PB
NPs. (B) SERS spectra of (a) DA (5.0 × 10−4 mmol/L) with Au@PB
NPs, (b) normal DA (1000 mmol/L), and (c) DA (1.0 mmol/L)
without Au@PB NPs.
Figure 4. (A) The relationship between the Raman intensity ratio
I1617 cm−1/2155 cm−1 vs the volume of Au@PB NPs. Error bars represent
the statistical relative standard deviation (RSD) of triplicate SERS
experiments. (B) The relationship between the I1617 cm−1/2155 cm−1 vs
the incubation time. Error bars represent the statistical relative
standard deviation (RSD) of triplicate SERS experiments.
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presence of Au@PB NPs as a function of the incubation time,
with the SERS signal of CV increasing with increasing
incubation time. As can be seen in Figure 4B, after 35 min
the I1617 cm−1/2155 cm−1 ratio reached a maximum value and
remained unchanged thereafter. Therefore, 35 min was chosen
as the optimal incubation time.
Quantitative SERS Measurements of CV Analyte
Concentrations. CV is a cheap triphenylmethane dye that
has been widely used in textile and printing industries owing to
its aesthetically beautiful violet color. In addition, CV has also
been widely used by the pharmaceutical industry and in
veterinary medicine as it is effective at preventing fungal and
parasite infections in aquacultures. However, the above
applications have resulted in pollution due to the discharge
of CV into effluent waters which increases vestigial traces of
CV in aquaculture products. In the European Union, the
presence of CV in food is prohibited as high doses can be
carcinogenic.43,44 Many approaches for determining CV
concentrations in water have been proposed.45−47 However,
most of these are inefficient and expensive, as well as being
complicated and time-consuming to operate. Thus, the
development of highly sensitive, facile, rapid, and reliable
methods for detecting residual CV in effluent waters is an
important research objective.
Herein, core−shell Au@PB NPs are proposed as enhancing
substrates for detecting CV Raman signals adjacent to the NPs.
The PB shell in the Au@PB NPs can absorb CV nearby,
moreover, the PB shell displays the SERS signal at 2155 cm−1,
which is ideal for use as an IS to normalize fluctuations in CV
signals due to concentration. Thus, herein, successful
quantitative SERS detection of CV with Au@PB NPs is
illustrated. Using the same volume of Au@PB NPs in all
experiments, the Raman spectra of solutions containing varying
concentrations of CV from 2.0 to 100 nmol/L were collected
and are shown in Figure 5A. The major peaks at 1617 and
1586 cm−1 are assigned to the ring C−C stretch, and those at
724 and 799 cm−1 are assigned to the out-of-plane vibrations
of ring C−H. Additionally, the peaks around 916 and 1171
cm−1 are assigned to the ring skeletal vibrations of the radical
orientation and in-plane vibrations of ring C−H, respectively.48
The SERS intensity of the 1617 cm−1 band gradually increased
with an increase in CV concentration, while the intensity of the
2155 cm−1 PB band only fluctuated slightly between different
concentrations of CV. The merits of using PB as the IS are
evidenced in Figure 5B and Figure 5C, where the plot of
I1617 cm−1/2155 cm−1 vs Log [CV concentration] represents the
relationship between the ratio of Raman peak intensity for CV
(1617 cm−1) and PB (2155 cm−1) vs the Log of CV
concentration (Log [CV concentration]). While the I1617 cm−1
vs Log [CV concentration] plot shows the relationship
between the CV peak intensity at 1617 cm−1 vs Log [CV
concentration]. Compared with the I1617 cm−1 vs Log [CV
concentration] plot, the I1617 cm−1/2155 cm−1 vs Log [CV
concentration] plot displayed a relatively better linear fit and
higher precision; furthermore, signals for concentrations as low
as 2.0 nmol/L of CV could be readily collected.
Having established that Au@PB NPs are capable of
structural stability in complex systems and can accurately
detect different CV concentrations, we further applied Au@PB
NPs to measure CV concentrations in a lake within our
university campus. A series of CV in the lake water samples
were analyzed; all lake water samples were spiked with CV at
three different concentration levels and then analyzed by the
proposed method. The results listed in Figure S9 and Table S2
show satisfactory measurements with an acceptable accuracy
range between 94.6%−108.8%, and RSDs lower than 7.0%.
The above results indicate that Au@PB NPs as IS-SERS
substrates can offer a useful and promising means for
monitoring CV in complex systems.
Quantitative SERS Measurements of DA Concen-
trations. For showing the versatility and general applicability
of Au@PB NPs-based SERS assays; detection of other analytes
by Au@PB NPs was also investigated. DA is a well-known
catecholamine neurotransmitter present in mammalian brain
tissue and body fluids, which plays a significant role in
regulating central nervous, vascular, and hormonal systems.49
Abnormal levels of the DA concentrations in vivo are
associated with various pathologic conditions such as
Parkinson’s, Alzheimer’s, and Huntington’s diseases. Clinically,
determining DA concentrations in biological fluids is
significant for the prevention and treatment of DA-related
diseases as well as the monitoring of brain functions.50 Thus, a
highly sensitive and accurate technique for determining DA
concentrations in complex biological fluids is extremely
important and helpful for understanding biological processes.
Thus, developing reliable and facile methods for quantitatively
detecting DA concentrations in various biological matrices is
an important ongoing challenge.51,52
Similarly, the same SERS methodology for quantitatively
detecting CV concentrations described in detail above, i.e.,
Au@PB NPs, was used to quantitatively measure DA
concentrations. Raman spectra were obtained by mixing
Au@PB NPs with various concentrations of DA dissolved in
water. It can be seen from Figure 6A, in which the fingerprint
SERS peaks at 807, 1148, 1267, and 1475 cm−1 were assigned
to DA,53,54 that the intensity of the 1475 cm−1 peak (C−H
bond in aliphatic chain) gradually increases with an increase in
DA solution concentrations. Figure 6B shows a plot of the
quantitative calibration curve for the intensity of the 1475
cm−1 SERS peak (I1475 cm−1) versus the concentration of DA
[DA], and a plot of the ratio of the DA and PB SERS
intensities (I1475 cm−1/2155 cm−1) vs [DA] is shown in Figure 6C.
An extremely good linear fit in the concentration range
between 500 and 8000 nmol/L with a linear correlation
Figure 5. (A) SERS spectra of various concentration of CV (0, 2.0,
5.0, 8.0, 10, 30, 50, 80, and 100 nmol/L). (B) Calibration plot based
on Raman intensity at 1617 cm−1 vs Log [CV]. (C) Calibration plot
based on the Raman intensity of I1617 cm−1/2155 cm−1 vs Log [CV]. Error
bars signify the RSD of three independent experiments.
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coefficient of 0.9950 was obtained, with concentrations as low
as 100 nmol/L being detectable (Figure 6A). The good
detection performance may be due to the affinity of Fe(III) of
Au@PB NPs and DA, and Au@PB NPs serve as a sensitive
SERS probe for detection of DA molecules.55−57
We then investigated the potential of Au@PB NPs as SERS
substrates for quantitative analysis of practical systems, i.e., DA
concentrations in blood serum. All blood serum samples were
spiked with DA at three different concentration levels and then
analyzed with the proposed method. The results listed in
Figure S10 and Table S3 show satisfactory recoveries in the
range of 90.9%−107.5% and an acceptable accuracy with RSDs
below 7.0%. The above results indicate that Au@PB NPs as IS-
SERS substrates could offer a useful and promising means of
monitoring DA levels in complex biological fluids.
■ CONCLUSIONS
In summary, we synthesized ultrathin core−shell Au@PB NPs
with good SERS enhancements and an IS for facile and reliable
quantitative SERS analysis of multiple analytes in different
fluids. The Au@PB NPs were composed of a Au core and a PB
shell, which integrated the unique Raman enhancement,
generated by the Au core, as a clear way to distinguish the
Raman signal of PB which was used as an intrinsic IS. This IS-
SERS method showed potentially promising practical
applications for the direct quantitative determination of CV
concentrations in lake water and DA concentrations in blood
serum. In addition, Au@PB NPs were shown to have relatively
good pH and temperature stability and could be used for the
immediate detection of analytes in complex fluids without the
need for pretreatment. The PB shell demonstrated a single,
strong, and unique Raman vibration band at 2155 cm−1, in the
tyipically Raman silent spectral region, which was used as an
excellent IS with low liklihood for overlap with the analyte
fingerprint spectral bands, reducing inaccuracies when studying
complex systems. Furthermore, the PB shell also showed
excellent stability and excellent quantitative accuracy for SERS
analysis. Above all, Au@PB NPs were shown to be excellent
SERS enhancement substrates for the precise quantification of
analyte concentrations, which holds great potential to be
applied in important complex and practical systems.
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